Since the mid-1980s, there has been a resurgence of severe forms of invasive group A streptococcal (GAS) disease in many Western countries. In Hong Kong, a similar increase has also been observed in recent years. One hundred seven GAS isolates collected from 1995 to 1998 from individuals with necrotizing fasciitis, toxic shock syndrome, meningitis, or other type of bacteremic sepsis (invasive group, n ‫؍‬ 24) as well as from individuals with minor skin and throat infections (noninvasive group, n ‫؍‬ 83) were characterized through serologic and/or emm sequence typing. Thirty-two M protein gene sequence types were identified. Types M1, M4, and M12 were the most prevalent in both the invasive group and the noninvasive group; together they accounted for 70.8 and 37.3% of the isolates, respectively. No clear pattern of skin and throat infection M types was observed. Type M1 was overrepresented in the invasive and pharyngeal isolates. The same pulsed-field gel electrophoresis pattern was shared by most invasive and all pharyngeal M1 isolates. Overall, resistance to erythromycin (32%) and tetracycline (53%) was high, but M1 isolates were significantly less likely to have resistance to either antimicrobial agent than non-M1 isolates. One novel emm sequence type, stHK, was identified in an isolate from a patient with necrotizing fasciitis. Minor emm gene sequence alterations were noted for 31 isolates, and for 13 of these isolates, deletion, insertion, or point mutations were seen in the hypervariable 50 N-terminal residues.
The M protein is an important virulence determinant in the pathogenesis of both suppurative and nonsuppurative diseases due to group A streptococci (GAS). Approximately 150 different M protein gene sequence types have been documented (14) . Some types have seemed to be associated with certain patterns of disease more frequently than others. Historically, types such as M1, M2, M3, M4, M12, M15, M49, M55, M56, M59, M60, and M61 have been associated with poststreptococcal glomerulonephritis, while types M5, M6, M18, M19, and M24 have been linked to rheumatic fever (4, 5, 17) . More recently, types M1 and M3 were also epidemiologically associated with the resurgence of some severe forms of GAS infections, such as toxic shock syndrome and necrotizing fasciitis (23, 25) . However, in the absence of type distribution data for concurrent control strains from the healthy population, the true propensity of any M type to cause a specific clinical manifestation still remains controversial (21) . Furthermore, studies that have described the distribution of GAS types have been done mainly in Western countries. There have been few data from Asia, where the epidemiology of GAS may be different (16, 20, 28, 33) . Studies from Malaysia and Thailand, where rheumatic fever is endemic, have indeed reported a different GAS type distribution in the region (16, 20, 28, 33) .
In this study, we report the result of an analysis of GAS isolates obtained from patients with severe systemic infections in Hong Kong. As controls, GAS isolates obtained over approximately the same period from patients with minor upper respiratory tract or skin infections were also studied.
MATERIALS AND METHODS
Bacterial strains. A total of 113 isolates of GAS obtained from clinical specimens submitted to four hospital-based laboratories in Hong Kong from 1995 to 1998 were studied. Six were later confirmed to be repeat isolates from the same patients, giving 107 isolates to be included in the analysis in this study (15) . The sources of the specimens included hospitalized patients as well as outpatients attending emergency rooms, specialty outpatient clinics, and a university health clinic. The isolates could be separated into two clinical categories.
Isolates in group I (invasive group) were from 24 patients with severe systemic GAS infections, including necrotizing fasciitis (n ϭ 7), toxic shock syndrome (n ϭ 2), meningitis (n ϭ 2), and bacteremic sepsis (n ϭ 13). Isolates in group II (noninvasive group) were from 83 patients with infections of the skin, including impetigo and minor wound infections (n ϭ 52), throat (n ϭ 21), or other sites (e.g., eye, vagina, and urethra) (n ϭ 10). The 83 noninvasive isolates were chosen randomly from all of the positive isolations from nonsterile sites during the period. The total number of isolates from nonsterile sites was estimated to be about 600. The distribution of the isolates by group, year of isolation, and specimen type is shown in Table 1 .
All isolates showed beta-hemolysis on horse blood agar, agglutinated with GAS-specific antiserum, and were susceptible to 0.04-U bacitracin disks. All isolates were stored at Ϫ70°C in commercial cryopreservative beads until testing.
Typing of isolates. All isolates were characterized by T-antigen agglutination pattern and by M type and/or opacity factor (OF) type by using previously described methods. T-antigen typing sera from all recognized T antigens, 37 M typing sera, and 24 OF typing sera were available from the World Health Organization (WHO) Collaborating Center for Reference and Research on Streptococci at the University of Minnesota (20 Bacteria that were nontypeable in the serological analysis and all M1 isolates were subjected to emm sequencing by using a method described at the Centers for Disease Control and Prevention (CDC) website (http://www.cdc.gov/ncidod /biotech/strep/strepindex.html). Primer 1 ([TATT(C/G)GCTTAGAAAATTAA ]) and primer 2 (GCAAGTTCTTCAGCTTGTTT) were used for amplification of the emm gene, and the product was used as the template for sequencing with primer emmseq2 (TATTCGCTTAGAAAATTAAAAACAGG). Nucleotide sequencing of 450 to 700 bases from the beginning of emmseq2 was performed by using the Big Dye dideoxynucleotide chain termination method with an ABI 377 genetic analyzer (Perkin-Elmer, Foster City, Calif.). For amplification of emm, the cycling parameters were 94°C for 15 s, 46°C for 30 s, and 72°C for 1 min 15 s for the first 10 cycles and then 94°C for 15 s, 46°C for 30 s, and 72°C for 1 min 15 s (with a 10-s increment for each of the subsequent 19 cycles) for the subsequent 20 cycles. For sequencing, the cycling parameters were 96°C for 30 s, 55°C for 10 s, and 60°C for 4 min. The BLAST 2 program (National Center for Biotechnology Information; available at http://www.ncbi.nlm.nih.gov/BLAST/ and at http://www.cdc.gov/ncidod/biotech/strep/strepblast.htm) was used to compare the DNA sequence with published sequences in the GenBank and CDC databases. A sequence was considered to be a given emm type if it had Ն95% identity over the first 160 nucleotides (counting from the beginning of the sequence obtained with emmseq2), allowing for one alteration of the reading frame of up to seven codons (13) . This sequence includes 70 bases coding for the signal peptide and 90 bases coding for the first 30 amino acids of the mature protein. Alleles were designated on the basis of any changes in the deduced hypervariable N-terminal 50 amino acids of the processed M protein compared to the product of the M type reference strain emm sequence.
Serotyping was performed at the WHO Collaborating Center for Reference and Research on Streptococci at the University of Minnesota, and emm sequence typing was conducted at the Centre of Infection, The University of Hong Kong. The nucleotide sequence of the novel emm sequence type stHK was independently verified at the WHO Collaborating Center for Reference and Research on Streptococci at the University of Minnesota and at the CDC. For our analysis, the indicated type represents that obtained by M serotyping, anti-OF (AOF) serotyping, and/or emm sequence typing. Although there are documented examples in which AOF types are divergent from actual M types, we believe that the observed consistency of T-antigen pattern within AOF type, the correlation of T-antigen pattern-AOF type combinations with corresponding historical T-antigen pattern-M-type combinations, and the confirmation by emm sequence typing of at least one isolate of each AOF type make such a lack of correlation unlikely in this study (3) .
Macrorestriction and PFGE. Sixteen M1 isolates were selected for analysis by pulsed-field gel electrophoresis (PFGE). The protocol was modified from one described previously (31) . Briefly, bacterial cells were grown in Todd-Hewitt broth and then lysed with lysozyme and lysostaphin. The blocks were digested overnight at 30°C with restriction enzyme SmaI (20 U/100 l; Amersham Biosciences). The digested blocks were electrophoresed at 6 V/cm in 1% moleculargrade, biology-grade agarose by using a Bio-Rad CHEF DRII tank for 26 h at 14°C. Ramping times were 10 to 35 s.
Susceptibility testing and PCR for erythromycin resistance determinants. Susceptibilities to erythromycin, tetracycline, and chloramphenicol were determined by Kirby-Bauer disk diffusion (CO 2 incubation). MICs were determined by the broth microdilution method (ambient air incubation) for isolates resistant to chloramphenicol and intermediately resistant to erythromycin. All results were interpreted according to NCCLS criteria (26) . For the identification of erythromycin resistance genes (ermA, ermB, ermC, ermTR, and mef), PCR was performed with published primers as described previously (12) .
Statistical analysis. The chi-square or Fisher's exact test was used for statistical analysis. A P value of Ͻ0.05 was consider significant. The SPSS 10.0 statistical package (SPSS Hong Kong Ltd., Hong Kong) was used for all analyses.
Nucleotide sequence accession numbers. The emm gene sequence data can be found in GenBank under the following accession numbers: AY046085 (stHK), AY147175 (emm14.3), AY147176 (emm1.2.b), AY147177 to AY147180 (emm58.5), AY147181 (emm1.16), AY147182 (emm93.1), AY147183 (emm64.3), AY147184 (emm75.1), AY147185 (emm39.1), AY147854 (emm1.17), and AY147855 (emm58.4).
RESULTS

Distribution of M types.
A total of 32 M types were identified in the 107 isolates ( Table 2 ). Fourteen of these M types 
were not covered by the typing antisera, including one isolate (SP01) with the novel emm sequence type stHK. In descending order of frequency, the prevalent types (with a frequency of Ͼ3% in the population) were M12 (20.6%), M1 (15.0%), M58 (10.3%), M4 (9.3%), M53 (4.7%), and M49 (4.7%). Three M types (M1, M4, and M12) were the most prevalent in isolates from both the invasive group and the noninvasive group. These three M types together accounted for 70.8 and 37.3% of the invasive and noninvasive isolates, respectively. While M58 was common (13.3%) in the noninvasive isolates, this M type was absent from the invasive isolates. Type M1 was more frequent in the invasive isolates than in the noninvasive isolates overall (8 of 24 versus 8 of 83; P ϭ 0.004) but was present at similar frequencies in the invasive and throat isolates (8 of 24 versus 5 of 21; P ϭ 0.5). A total of 10 different M types were found in the 24 invasive isolates (Table 3) . Of the 11 patients with the most severe forms of infection (necrotizing fasciitis, toxic shock syndrome, and meningitis), 6 had type M1 and 1 had type M12. In the noninvasive group, a total of 27 different M types were identified for throat and skin isolates. The most common types (such as M1, M12, M49, M58, and M77) could be found in both skin and throat isolates. On the other hand, some types (such as M4, M53, and M58) were found more frequently in skin isolates. Statistically, only type M1 was found significantly more frequently in throat isolates than in skin isolates (P ϭ 0.02).
Sixteen isolates in the present collection belonged to type M1, and all were analyzed by PFGE. Eight were isolated from patients with invasive infections (four with necrotizing fasciitis, two with primary bacteremia, one with meningitis, and one with toxic shock syndrome). The other eight isolates were obtained from patients with uncomplicated pharyngitis (n ϭ5), skin infections (n ϭ2), and throat colonization (n ϭ1). After macrorestriction with SmaI, 15 of the isolates produced indistinguishable PFGE patterns. The single remaining isolate, from a patient with toxic shock syndrome, produced a similar pattern with a three-band difference.
Sequence analysis. The M protein genes of the 58 nonserotypeable isolates and the 16 M1 isolates were sequenced. One isolate (SP01) from a patient with necrotizing fasciitis had a novel emm sequence type designated stHK. From a BLAST search, it was found that stHK shared 78% sequence identity with the previously described cmu104 (GenBank accession number AF091805). stHK differs from cmu104 in the presence of an additional six residues at the N terminus of the mature protein and a 29-amino-acid deletion (Fig. 1) . Even though strain SP01 was OF negative, the emm stHK sequence is most similar to corresponding sequences from OF-positive isolates, so it was expected that this strain would contain the sof gene (3). Although the presence of sof is a prerequisite for the OF-positive phenotype, its presence does not always correlate with an OF-positive phenotype. The remaining 73 isolates all had Ͼ95% homology to CDC reference emm sequences over the first 160 bases.
In 31 of the 74 isolates, one or more allelic variations were detected (Table 4); 13 of these isolates displayed deletion, insertion, or point mutations in the hypervariable 50 N-terminal residues relative to M type reference strains. Eleven of The erythromycin MICs for all five isolates were in the resistant range (MIC, 1 to 4 g/ml). For tetracycline, 0.9% of isolates (1 of 107) were intermediate and 53.3% of isolates (57 of 107) were resistant. One isolate (S2) was resistant to chloramphenicol; the MIC was 32 g/ml. Most of the erythromycinand tetracycline-resistant isolates grew to the edges of the disks (Fig. 2) . Twenty-eight percent were resistant to both erythromycin and tetracycline.
The proportions of antibiotic-resistant isolates were similar in different age groups and in the invasive and noninvasive isolates. Resistance to erythromycin and tetracycline was found in 18 and 25 different M types, respectively. Interestingly, M1 isolates were significantly less likely than isolates of all other types to be resistant to either erythromycin (1 of 16 versus 38 of 91; P ϭ 0.005) or tetracycline (2 of 16 versus 55 of 91; P Ͻ 0.001). PCR analysis for erythromycin resistance genes was performed for the 39 erythromycin-resistant isolates. Of these, 17 isolates had the ermTR gene alone, 14 had the mef gene alone, and 2 had both the ermTR gene and the mef gene. The remaining six isolates had the ermB gene alone. The five isolate that had intermediate results in the disk diffusion test all possessed the ermTR gene.
DISCUSSION
This study found that the types (M1, M4, and M12) that were the most prevalent in isolates from patients with invasive disease were also commonly found in skin or pharyngeal isolates. Despite this finding, type M1 was disproportionately represented in invasive and pharyngeal isolates, as has been reported elsewhere (8, 17, 24, 25, 30) . Although type M3 has been reported to be prevalent in the United States, Canada, and other countries (2, 6, 9, 11, 17) , particularly for invasive isolates, this M type was not observed in the present study. Previous studies suggested that a virulent M1 clone was responsible for the majority of severe GAS infections that have occurred since the mid-1980s (8, 24, 25, 30) . On the other hand, Kiska et al. showed that the major invasive types, M1 and M3, were equally prevalent in pharyngeal isolates (23) . Furthermore, the M1 and M3 isolates causing invasive infections had PFGE patterns that were identical to those of concurrent pharyngeal isolates (23) . In a recent study involving a comparison of a large number of invasive isolates with control strains, there was again no evidence of an association between a particular clone and invasive infection (18) . These published results are in agreement with our observations that most invasive M1 isolates and noninvasive M1 isolates shared identical PFGE profiles. On the other hand, a reduction in the prevalence of M1 isolates in patients with uncomplicated pharyngitis was apparently temporally associated with a reduction in the clinical manifestations of severe GAS infections (21) .
In Hong Kong, a previous study suggested that there was also an increase in severe forms of GAS infection during the mid-1990s (32) . Meningitis, necrotizing fasciitis, and toxic shock syndrome due to GAS were almost unknown in the preceding 10 to 15 years. We postulate that the recent appearance of these severe forms of disease in this region is probably a reflection of changes in the epidemiology of the prevalent M types. The rapid introduction of new strains into a population is well documented (1) . Therefore, the introduction and dissemination of streptococcal strains with enhanced virulence potential are plausible explanations for this increase in severe forms of infection and are compatible with the disproportionate representation of type M1 in the throat and invasive isolates. However, we have no definite proof that such introduction and dissemination have occurred (27) . As suggested by Kiska et al., pharyngeal infections may have served as a reservoir for virulent GAS clones (23) .
The overall rate of erythromycin resistance in our GAS isolates was high-32%-compared with reported rates of 2.1 
One in-frame deletion of 13 residues (ELERL KNERHDHD) from positions 80 to 92
In-frame insertion of 7 residues (QEERQKN) between positions 102 and 103 a Alleles (indicated by numeral following decimal point) are based on changes in the predicted hypervariable N-terminal 50 residues of the processed M proteins compared to CDC reference sequences for the products of emm1, emm1.2, emm14, emm39, emm58, emm64, emm75, and emm93. Alleles emm14.3 and emm75.1, which have been seen within the United States, were in the CDC database prior to this study (from pharyngeal and invasive isolates, respectively). Other alterations outside of this 50-residue segment are also indicated.
b Total number of isolates with the corresponding emm type. Except for emm53, emm58, and emm75 isolates, all isolates with the indicated emm type were sequenced. A total of 4 of 5 emm53 isolates, 10 of 11 emm58 isolates, and 1 of 2 emm75 isolates were sequenced.
c The number indicates the position of the amino acid in the mature protein. All strains with allelic variations were sequenced two or three times.
d The amino acid sequences of the emm14.3 product and the product of emm14 (reference sequence) diverge significantly after mature protein residue 93. However, this region of the Hong Kong emm14.3 sequence has complete homology to the corresponding region (mature protein residue 101) of the reference emm14.3 sequence in the CDC database. to 4.6% in Canada (12, 34), 2.6% in the United States (19) , and 8.6% in Finland (29) . Our findings are similar to the overall rate in Italy (10)-25.9%. Similarly, we found a high rate of resistance to tetracycline-53%-compared to 4% in the United States (19) . The high rates of resistance that we found in Hong Kong are probably a reflection of the high level of antibiotic usage in the community, which has also brought about high macrolide and tetracycline resistance rates in pneumococci (7). Interestingly, antibiotic resistance seems to be more common in non-M1 isolates than in M1 isolates. Only 6.3 and 12.5% of M1 isolates were not susceptible to erythromycin and tetracycline, respectively, compared to 41.8 and 61.5%, respectively, of non-M1 isolates (P value for both, Ͻ0.005).
One novel emm sequence type, stHK, was found in an isolate from a patient with necrotizing fasciitis. This sequence type differs from cmu104, described previously, at two regions in the 5Ј hypervariable region. In the absence of additional 5Ј sequences from cmu104, it is impossible to determine whether the six-residue difference at the N terminus is an omission error or a genuine deletion.
Allelic variations in the M proteins of our isolates, compared to reference sequences, were predominantly due to single base substitutions, with several new alleles representing substitutions in the 50 N-terminal residues. Only a single novel sequence type was found in this study. This study also showed that the GAS type distribution in Hong Kong differs from those in Thailand (28) and Malaysia (16) . In the latter two countries, acute rheumatic fever is still an important health problem, but in Hong Kong, the disease has been seen very rarely in the last 20 years. Nonetheless, the serotype distribution in any population is in constant flux (1, 22) . Besides serotype distribution, GAS disease epidemiology is also subject to influence from ethnic, cultural, and socioeconomic factors. If there are "rheumatogenic" streptococci, it is certainly possible, or even likely, that they are different from streptococci seen in the United States and Europe. Additional studies similar to those reported here with isolates from patients with rheumatic fever and from controls are warranted.
